Solidification thermal parameters and dendrite arm spacings have been measured in hypoeutectic SnPb and Al-Cu alloys solidified under unsteady-state heat flow conditions. It was observed that both primary and secondary spacings decreased with increased solute content for Sn-Pb alloys. For Al-Cu alloys, the primary spacing was found to be independent of composition, and secondary spacings decrease as the solute content is increased. The predictive theoretical models for primary spacings existing in the literature did not generate the experimental observations concerning the Sn-Pb and AlCu alloys examined in the present study. The theoretical Bouchard-Kirkaldy's (BK's) equation relating secondary spacings with tip growth rate has generated adequately the experimental results for both metallic systems. The insertion of analytical expressions for tip growth rate and cooling rate into the predictive model, or into the resulting experimental equations in order to establish empirical formulas permitting primary and secondary dendritic spacings to be determined as functions of unsteadystate solidification parameters such as melt superheat, type of mold, and transient metal/mold heattransfer coefficient is proposed.
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for instance, the solidification conditions of a body of irregular shape, these variables are interdependent, cannot be controlled, and vary freely with time. The analysis of dendritic structures in the unsteady-state regime is very important, since it encompasses the majority of industrial solidification processes.
The measurements of primary and secondary dendrite arm spacings involve looking at the microstructure after complete solidification. Primary spacings do not coarsen with time and can be accurately measured from the microstructure and compared with growth models. On the other hand, secondary spacings are seen to rapidly coarsen during solidification, and the effect of coarsening has to be taken into account by the predictive growth models.
[29] Most of the results in the literature, concerning steady and unsteady regimes, pertaining to l 2 in hypoeutectic alloys, indicate a decrease in spacing with increasing cooling rate for a given alloy composition and with increasing solute content for a given cooling rate. [28, 29, 38, 39] The reports in the literature also indicate that for steady or unsteady growth conditions, the primary arm spacings decrease as G L or V L increases. On the other hand, there has been some disagreement in the literature regarding the influence of the initial alloy composition on primary spacings. It has been reported in the majority of cases that l 1 increases as C 0 (for hypoeutetic alloys) increases for both steady and unsteady growth conditions. [28, 29] However, Sharp and Hellawell [44] found that C 0 has little effect on primary spacings and Spittle and Lloyd [46] reported that for steady-state growth with low G L , l 1 decreased as C 0 increased and was independent of C 0 for high G L , and for unsteady solidification l 1 decreased as C 0 increased.
The present article focuses on the dependence of dendrite arm spacings on solidification thermal parameters, i.e., dendrite tip growth rate, temperature gradient in front of the liquidus isotherm, and tip cooling rate, and on the alloy solute content under unsteady-state solidification conditions. The experimental data concerning the solidification
I. INTRODUCTION
DURING solidification of alloys, the observed microstructures are diverse, but in general can be classified into two basic groups: cells/dendrites and eutectic morphologies. Dendrite growth is the common mechanism of crystallization from metallic melts, and the morphology, which is formed, consists of an array of dendrites with a sidebranch configuration. The solute, which is redistributed due to the solubility difference between the solid and liquid phases, provokes an important consequence of such a structure, i.e., the occurrence of microsegregation between the dendrites branches. The dendritic array characterized by primary and secondary spacings and the segregated products greatly affect the mechanical properties and homogenization kinetics of solidified alloys. [1, 2] Therefore, in order to control the properties of casting materials, it is important to understand the solidification parameters that affect the growth of dendritic spacings during solidification.
Numerous directional solidification studies have been reported with a view to characterizing primary (l 1 ) and secondary (l 2 ) dendrite arm spacings as a function of alloy solute concentration (C 0 ), tip growth rate (V L ), and temperature gradient ahead of the macroscopic solidification front (G L ). A recent article by Bouchard and Kirkaldy [29] has summarized these studies grouped into two categories: those involving solidification in steady-state heat flow and those in unsteady-state regime. In the former category, solidification is controlled and the significant controllable variables, G L and V L , are maintained constant and are practically independent of each other. In the latter, which characterizes, dendrite tip growth rate, G L is the temperature gradient in front of the liquidus isotherm, G 0 is a characteristic parameter Ϸ600 ϫ 6 K cm Ϫ1 , [29] and a 1 is the primary dendrite calibrating factor. Since the spacings proposed by Hunt and Lu (Eqs.
[4] through [6]) refer to the radius rather than to the more commonly measured diameter and they are minimum spacings, the values need to be multiplied by 2 to 4 for comparison with measured spacings.
The Trivedi model [21] is a result of a Hunt's model modification, where L is a constant that depends on harmonic perturbations. According to Trivedi, for dendritic growth, L is equal to 28.
For secondary dendrite spacings, Bouchard and Kirkaldy [29] derived an expression, which is very similar to the Mullins, and Sekerka, [57, 58] temperature gradient-independent marginal wavelength formula, which is given by [8] where a 2 is the secondary dendrite-calibrating factor, which depends on the alloy composition and T F is the fusion temperature of the solvent.
B. Solidification Thermal Parameters
In order to determine the solidification thermal parameters such as the tip growth rate, the thermal gradient in the liquid immediately at the right of the tip interface, and the cooling rate, an analytical model is applied to simulate the solidification of binary alloys in a cylindrical cavity chilled from below. The model employs the mathematically expedient technique of replacing the interfacial thermal resistance by equivalent layers of material in a virtual system, and the latent heat of fusion is taken into account by adjusting the specific heat over the solidification temperature range. [40, 55] The ingot is treated as a onedimensional moving boundary problem in which boundaries at the tips and roots of the dendrites are simultaneously considered. It is assumed that the Newtonian interface resistance is represented by a metal/mold heat-transfer coefficient h j . The other thermophysical properties describing the system are treated as averages within the same phase, as follows:
[11]
[12]
where K is the thermal conductivity, c is the specific heat, r is the density, L is the latent heat of fusion, T Liq is the liquidus temperature, T Sol is the nonequilibrium solidus temperature, and subscripts S, SL, and L represent the solid, mushy, and liquid metal, respectively. The one-dimensional Fourier field equation is exactly applicable to the virtual metal/mold system, and the solution obtained in the system can be related to the real system by simple relationships. The model has been detailed in previ-
of Sn 5, 15, and 30 wt pct Pb and Al 5, 8, and 15 wt pct Cu alloys, directionally solidified under different conditions of heat-transfer efficiency at the metal/mold interface, are compared with theoretical predictions furnished by models from the literature. The use of an analytical solidification model, coupled with predictive dendritic growth models or empirical dendritic growth equations, in order to permit the dendrite spacings to be directly correlated with solidification processing variables such as the transient metal/mold heat-transfer coefficient, melt superheat, and metal and mold thermophysical characteristics is proposed.
II. DENDRITIC SPACING MODELS AND ANALYTICAL SOLIDIFICATION THERMAL PARAMETERS

A. Dendritic Spacing Models
Several important theoretical and experimental studies have been developed, with the objective of selecting primary and secondary dendritic spacings. Among the theoretical models existing in the literature, only those proposed by Hunt and Lu [4] for primary spacings and Bouchard and Kirkaldy [29] for primary and secondary spacings assume solidification in unsteady-state heat flow conditions. Hunt, [1] Kurz and Fisher, [2, 3] and Trivedi [21] have derived primary spacing formulas, which apply for steady-state conditions. The theoretical models for determination of dendritic spacings proposed by these authors are shown in Eqs. [6]
(Bouchard-Kirkaldy (BK) primary dendritic) [7] where l 1 is the primary dendritic spacing, ⌫ is the GibbsThomson coefficient, m L is the liquidus line slope, k 0 is the solute partition coefficient, C 0 is the alloy composition, D is the liquid solute diffusivity, ⌬T is the difference between the liquidus and solidus equilibrium temperature, V L is the 
